terations in FGR (p < 0.05) and in PE (p < 0.05) placentas than in healthy controls. There was a correlation to the severity of FGR and PE. The genomic alterations were below the resolution of normal karyotyping. The altered genes are related to adult human height, stress reactions and to cellular migration, differentiation and adhesion. Though very preliminary, our data support evaluating FGR and PE placentas using CMA. Larger data sets are needed for further evaluation of the findings and their clinical implications.
Interestingly, these 2 complications are attributed to abnormal placentation and share similar features, but do not always occur together. Although it is well established that the placenta contributes to both FGR and PE, the pathogenesis leading to these conditions is not fully understood.
Advances in microarray technology allow high-resolution, genome-wide evaluation of DNA copy number variations (CNVs) -both deletions and duplicationsand opens new directions for research connecting genetics to abnormal placentation [Founds et al., 2009; Ganesamoorthy et al., 2013; Madeleneau et al., 2015; Rabaglino et al., 2015] . It is a significant tool for identifying genomic alterations leading to diseases. Moreover, it allows disease pathway evaluation. CNVs are a result of genomic abnormalities, aging process or cancer progression, but importantly, they are also a normal part of cell biology and normal placentation. Therefore, even in normal placentas there are CNVs. Their prevalence and the involved genes may reflect specific placental insults reflected by different clinical characteristics [Lupski, 2013] .
Previous studies have shown that alterations in genes may be related to placental invasion, immune response, inflammatory reactions, etc. Some changes occur as early as the first trimester of pregnancy and may be causal, while others may develop later and are a secondary response to stress-related conditions during pregnancy [Founds et al., 2009; Louwen et al., 2012] .
CNVs are probably a normal aspect of the trophoblastic biology of the placenta. Specific changes occur during pregnancy to allow placental invasion and to systematically regulate genome changes during pregnancy [Hannibal et al., 2014] . Therefore, placenta-based investigations of CNVs are important for understanding FGR and PE and the genes and pathways related to these pregnancy-related complications. Even in cases of normal karyotypes and normal genetic chip findings, there are microarray data that are considered as normal variants and therefore not reported. However, they may contain important information regarding placental evaluation of pregnancy-related complications such as FGR and PE, attributed to abnormal placentation. The goal of this study was to demonstrate the usefulness of microarray testing in these placentas.
Materials and Methods

Study Groups and Sample Collection
Placental biopsies were obtained from 30 patients with welldated pregnancies who delivered during the third trimester. All fetuses had normal anomaly scans and good prenatal care with a low probability of a known phenotype or genetic syndrome. Some had normal karyotype and normal genetic chip results after amniocentesis performed during pregnancy. All participants had normal results for cytomegalovirus, toxoplasmosis, rubella, and herpes. Upon delivery and based on early neonatal evaluation, no genetic abnormalities were suspected. Placentas from fetuses with known abnormal karyotypes or abnormal genetic chips were not included in the study. Only placentas that had a normal genetic chip were included, to ensure looking at CNVs which were not typical of any known genetic abnormality.
Placental biopsies were collected from 5 patients who had fetuses with FGR <5th percentile for the gestational age, based on locally accepted charts [Dollberg et al., 2005] , and 5 placentas with FGR from the 5th to <10th percentiles. Based on clinical characteristics, FGR was attributed to placental insufficiency ( table 1 ) . These were compared to 5 placentas from uncomplicated pregnancies with healthy neonates. Another set of placentas was from pregnancies complicated by PE, defined as blood pressure above 140/90 and 24-hour proteinuria above 300 mg. Five placentas were from patients who had PE without severe features and 5 from patients who had PE with severe features such as persistent hypertension (blood pressure above 160/110) and liver enzymes elevated up 1,420 ± 180 2,080 ± 152 3,120 ± 270 3,280 ± 160 3,120 ± 87 Gestational age at delivery, weeks 37 ± 0.2 37.2 ± 0.2 36.2 ± 1.1 37.3 ± 0.6 37.5 ± 0.5
Values are means ± SD, unless indicated otherwise.
to twice the upper limits of normal. In 2 samples, the mothers had elevated creatinine (above 1.5 mg/dl), and in another, the mother had thrombocytopenia (60,000/mm 3 ). The fetuses of the mothers with PE were all of normal growth ( table 1 ). The placentas from patients with PE were compared to 5 placentas from healthy controls (different samples than those used for the FGR controls). Placental biopsies were collected within 20 min of delivery under sterile conditions. The biopsies were taken from the intermediate trophoblast midway between the cord insertion and the edge of the placenta and were immediately frozen at -80 ° C.
Genetic Chip Analysis
Thawed placental biopsies were homogenized and genomic DNA was extracted using the Magna Pure Compact Nucleic Acid Isolation kit/Large volume (Roche Diagnostics, Indianapolis, Ind., USA).
Using the Affymetrix GeneChip (Affymetrix, Santa Clara, Calif., USA) for chromosomal microarray (CMA), placental extracts were analyzed for CNVs. The results were analyzed using the Signature Genomics database. We searched for previously described gene functions using the Genome Browser and OMIM database for the genomic coordination of the gene gains and losses detected in the placental analyses. The CNV burden was analyzed and compared among the study groups.
Statistical Analysis
Nonparametric Kruskal-Wallis and Mann-Whitney U tests were used to analyze the differences between the study groups, with p < 0.05 considered statistically significant. SPSS software (SPSS Inc., Chicago, Ill., USA) was used for statistical analysis.
Results
The relevant clinical characteristics of analyzed patients are listed in table 1 . Maternal ages as well as gestational ages at delivery were similar among the groups and in agreement with the accepted treatment protocols for patients who have PE or pregnancies with FGR. The clinical data and birth weights were consistent with the inclusion criteria for each study group.
CMA analyses identified significantly more genomic alterations among FGR and PE placentas than among healthy controls. Most of the alterations were gene gains (80%); some had gene deletions (20%). The analyses included a total of 30 placentas with different clinical pathologies. The genomic alterations were below the resolution of normal karyotyping, and the high variability of the elevated and deleted genes prevented the detection of specific alterations that characterize certain placental pathologies. The altered genes were related to adult height, stress reactions, and cellular migration, differentiation and adhesion. The CNVs were found in different regions, and the variability between the patients within the study groups was too high to enable analysis based on specific variations. Given the small sample sizes and the variations among the altered genes, we analyzed the CNV burden among the biopsies, i.e. the amount of variations (kb) that were detected by the CMA analysis in each group of samples. This method enabled us to overcome the variability of regions and CNVs among the patients. We found a significant correlation between the CNV burden and the severity of FGR and PE ( figs. 1 , 2 ) .
Discussion
In the current study, we found increased CNVs in placentas from pregnancies complicated by FGR and PE, both related to abnormal placentation. The severity of the diseases and the CNV burden of altered genes were correlated, indicating a genetic basis for both placenta-related FGR and PE.
The role of the placenta in the pathogenesis of FGR as well as in PE is well established [Palloto and Kilbride, 2006; Adams et al., 2014; Friedman and Cleary, 2014] . Therefore, placenta-based investigation of CNVs is crucial for understanding FGR, PE and their related genes and pathways.
Observation of placentas from genetically normal pregnancies reveals a different aspect of the genetic evaluation. CMA analyses enable focusing on gene alterations that are below the detectable levels of known genetic abnormalities [Kearney et al., 2011; Ganesamoorthy et al., 2013] . CMA analysis in the current study revealed heterogenic genetic changes. The small number of samples and the variability of the CNVs among the participants did not allow us to detect specific genes whose enhancement or deletion could potentially be related to placental pathology. Consequently, we looked at the CNV burden and found that it is increased in both FGR and PE pregnancies compared to healthy controls. Further investigation into the specific gene alterations is warranted and requires a larger sample size, which will potentially overcome the variability among the samples.
CMA analysis allows the examination of chromosomes to a resolution of 1 kb, smaller than the average gene. This is an advantage compared to standard karyotyping, when it comes to detecting smaller pathogenic chromosomal variations.
A challenge when employing CMA is revealing chromosomal variants of unknown clinical significance [Kearney et al., 2011] . This technique is now common in prenatal diagnosis, and based on our results, it is pivotal for research regarding placental abnormalities.
In agreement with the results found here, other studies on genetic signatures in FGR and PE revealed typical changes. A case-control comparison between patients with and without PE revealed specific CNVs among the patients with PE. The findings were consistent among 3 different ethnic groups. These data support a genetic predisposition to PE [Zhao et al., 2013] . That study focused on maternal blood. Looking at placental biopsies may reveal new information. Further studies should compare maternal blood to fetal blood and placental samples. CNVs in maternal blood may show a predisposition of PE and even FGR, while placental CNVs may imply on intrauterine programming and later onset diseases.
Placental CNVs are probably a normal feature of trophoblasts. Specific changes occur allowing placental invasion and function during pregnancy [Hannibal et al., 2014] . In mice, specific CNVs were shown to be essential for trophoblast invasion and uterine vascular remodeling as a part of maternal adaptation to the pregnancy [Hu and Cross, 2010] . The invasion of trophoblasts into the uterine wall is essential for fetal development and shares common features with tumor progression. However, placental growth regulation, unlike tumor invasion, is precise. Some of the well-known oncogenes and tumor suppressors are involved in abnormal placentation. Despite the heterogeneity, a number of differences in gene expression related to PE were found. These profiles include genes coding for multicellular structure development and differentiation, activity of immune response, inflammation, metabolism-associated proteins, cell proliferation, and apoptosis [Louwen et al., 2012] . Microarray bioinformatic analysis of vascular tissue from 3 placentas associated with FGR identified alterations in genes involved in mitochondrial function, oxidative phosphorylation energy production, and metabolism [Madeleneau et al., 2015] .
The importance of the current study is based on having samples from patients with FGR and PE related to placental insufficiency, which were based on accurate clinical data. Furthermore, we show a novel approach to middle cerebral artery evaluation of the placenta.
This study is limited by the small number of placental samples from each group which did not allow interpretation of gene variability. Gaps in information regarding the newborn and the parents prevented complete genetic evaluations. Moreover, the data should be validated by other techniques. Therefore, the findings presented here should be accepted with caution and lead to further research.
To conclude, though very preliminary, the data presented here support placental evaluation using CMA for pregnancies complicated by FGR or PE. Larger data sets are needed for further evaluation of the findings and their clinical implications. Understanding gene alterations related to placental insufficiency may lead to increased understanding of FGR and PE.
